The mechanical fingerprint of cells is inherently linked to the structure of the cytoskeleton and can serve as a label-free marker for cell homeostasis or pathologic states. How cytoskeletal composition affects the physical response of cells to external loads has been intensively studied with a spectrum of techniques, yet quantitative and statistically powerful investigations in the form of titration assays are hampered by the low throughput of most available methods. In this study, we employ real-time deformability cytometry (RT-DC), a novel microfluidic tool to examine the effects of biochemically modified F-actin and microtubule stability and nuclear chromatin structure on cell deformation in a human leukemia cell line (HL60). The high throughput of our method facilitates extensive titration assays that allow for significance assessment of the observed effects and extraction of half-maximal concentrations for most of the applied reagents. We quantitatively show that integrity of the F-actin cortex and microtubule network dominate cell deformation on millisecond timescales probed with RT-DC. Drug-induced alterations in the nuclear chromatin structure were not found to consistently affect cell deformation. The sensitivity of the highthroughput cell mechanical measurements to the cytoskeletal modifications we present in this study opens up new possibilities for label-free dose-response assays of cytoskeletal modifications.
| I N T R O D U C T I O N
The animal cell cytoskeleton is a highly dynamic network of protein filaments essential for numerous cell functions such as migration (Keren et al., 2008; Pollard & Cooper, 2009) , proliferation (Jordan, Toso, Thrower, & Wilson, 1993; Provenzano & Keely, 2011) , and phagocytosis (May & Machesky, 2001) . Regulated formation and turnover of cytoskeletal structures provide the cell with spatiotemporal flexibility to reshape and adapt to its physical environment while maintaining the mechanical integrity of the cellular body to withstand external forces (Alberts et al., 2008; Fletcher & Mullins, 2010) . Changes in cell state as by differentiation or malignant transformation (Guck et al., 2005; Suresh, 2007) can be associated with distinct modulations in the cytoskeleton, which were identified to result in characteristic mechanical phenotypes. The mechanical properties of cells can thus provide an intrinsic marker for cell homeostasis and pathogenesis (Byun et al., 2013; Remmerbach et al., 2009; Tse et al., 2013) .
The rapidly increasing number of techniques probing the mechanical response of cells to external loads clearly demonstrates the pursuit in exploiting cell mechanical phenotyping as a label-free tool for biological research and medical applications (Guck & Chilvers, 2013; Suresh, 2007; Suresh et al., 2005) . But to date, the widespread use of cell mechanical phenotyping in cell screening and medical diagnosis is still hampered by the low throughput rates of established techniques, such as atomic force microscopy (AFM) and micropipette aspiration (MPA) operating at 10-100 cells Á hr 21 (Hochmuth, 2000; Sokolov, 2007) . The typically large natural heterogeneities in biological specimens require novel techniques allowing for fast mechanical classification of large
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes. populations, while minimizing sample preparation time and bias from the user. To address this demand, several microfluidic techniques with throughput rates in excess of 10,000 cells Á hr 21 have been introduced recently (Dudani, Gossett, Tse, & Di Carlo, 2013; Gossett et al., 2012; Lange et al., 2015; Lee & Lie, 2015; Qi et al., 2015; Rosenbluth Lam, & Fletcher 2008) . So far, none of these approaches was used to exploit the statistical power of high-throughput single-cell mechanical measurements to quantify the effect of drug-induced cytoskeletal modifications by comprehensive titration assays. This is possibly hindered either by low sensitivity to cytoskeletal modifications (Dudani et al., 2013; Gossett et al., 2012) , insufficient throughput rates for large-scale cell screening (Lange et al., 2015) , or potential biasing effects due to direct contact between cells and microfluidic chip (Rosenbluth et al., 2008) in existing techniques.
We recently introduced a novel tool called real-time deformability cytometry (RT-DC) that addresses the persisting need for continuous single-cell mechanical phenotyping of large cell populations in real-time (Otto et al., 2015) . Cells are advected by a laminar flow through a microfluidic constriction with dimensions on the order of the cell size at rates of up to 1,000 cells Á s 21 (Figure 1a ). Velocity gradients in the Poiseuille flow field result in shear forces on the cell periphery on the order of 1 lN that lead to deformation of the initially spherical cells into a characteristic bullet-like shape (Mietke et al., 2015) . At defined regions of interest (ROIs), a high-speed camera acquires images of the cell shapes that are fed to a custom algorithm for on-the-fly data analysis. Therefore, we avoid the collection of large quantities of empty video data while being able to gate for relevant subpopulations, which in combination allows us to continuously measure quasi-unlimited sample sizes. Consequently, RT-DC opens up the previously unavailable possibility to perform label-free dose-response assays based on highthroughput cell mechanical phenotyping.
In this work, we employ RT-DC to investigate the effect of various pharmacological reagents on the cell mechanical properties of a human myeloid precursor cell line (HL-60). These reagents selectively alter filamentous actin (F-actin), the microtubule network and nuclear chromatin structure. Previous studies, using established techniques such as atomic force microscopy (AFM), optical stretcher (OS), and micropipette aspiration (MPA), revealed strong influence of F-actin and microtubule stability on the cell mechanical properties (Kasas et al., 2005; Maloney & Van Vliet, 2014; Reynolds et al., 2014 
| R E S U LTS

| Alteration of the F-actin network increases cell deformation in RT-DC
Actin is a structural protein of the eukaryotic cytoskeleton and in its filamentous form (F-actin) among others determinants for cell shape and motility (Keren et al., 2008; Rafelski & Theriot, 2004; Salbreux, Charras, & Paluch, 2012) . Destabilization of F-actin was achieved using the fungal poison Cytochalasin D, known to cap the plus ends of actin filaments and thereby leading to rapid filament depolymerization (Cooper, 1987) . In contrast, Jasplakinolide lowers the critical concentration of actin monomers (G-actin) essential for stable filament growth thus promoting F-actin polymerization (Holzinger, 2010) . The effect of Cyto D and Jaspla on the size and mechanical phenotype of a suspended human myeloid precursor cell line (HL-60) (Steven, 1960) was investigated for at least three biological replicates each. of cell rigidity which has been reported by previous experiments using a variety of different techniques (Ekpenyong, 2012; Reynolds et al., 2014; Rotsch & Radmacher, 2000; Wu, Kuhn, & Moy, 1998) . Fluorescence micrographs of fixed cells (Figure 1d , F-actin labeled red (FITC) and DNA labeled blue (DAPI)) support this assumption as an obvious loss of the spherical cell shape presumably due to a lack of cytoskeletal integrity can be identified for a representative cell after 0.1 lM Cyto D treatment.
The high-throughput (up to 1,000 cells Á s
21
) and short-sample processing times (10 min Á sample . Fluorescence micrographs of a representative cell exposed to 0.1 lM Jaspla display a cell shape that deviates slightly from the spherical contours of a representative control cell ( Figure 2b ). We argue that Jaspla treatment possibly affects the cell morphology by compromising the molecular dynamics of F-actin, which is known to play a crucial role in cell morphogenesis (Cramer, 1999; Keren et al., 2008) . shows the same trend for all investigated flow rates, yet exhibits a less pronounced but still significant increase in RD for 0.01 and 0.1 lM Jaspla. However, the distinct reduction in RD for 1 lM Jaspla is conserved for all flow rates. As the dose-response graph for Jaspla does not follow a sigmoidal curve, no half-maximum concentration could be extracted.
| Modified microtubule stability leads to inverse mechanical responses
Microtubules are a main constituent of the animal cells' cytoskeleton, crucial for intracellular transport (Alberts et al., 2008) , cell division (Brugu es, Nuzzo, Mazur, & Needleman, 2012), migration, and morphogenesis (Rodriguez et al., 2003) . These long, rigid cylindrical biopolymers of assembled tubulin dimers were found to resist contractile forces (Valentine, Perlman, Mitchison, & Weitz, 2005) and interact with other cytoskeletal polymers to stabilize the cytoskeleton (Brangwynne et al., 2006) .
In this study, we employ commercially available reagents to interfere with the molecular dynamics of the microtubules, such that filament disassembly is impeded or promoted. For this work, we used Paclitaxel (Pac), a drug known to stabilize microtubule filaments by binding to b-tubulin in a binding pocket formed by a-helices and b-strands (Schiff, Fant, & Horwitz, 1979; Nogales, Wolf, Khan, Luduena, & Downing, 1995) . Nocodazole other microfluidic applications (Gossett et al., 2012) . To investigate the influence of the nuclear structure to the moderate cell deformations predominant in RT-DC, Trichostatin A (TSA) was applied to decondensate nuclear chromatin. TSA induces hyperacetylation of the histone tails associated with an overshoot of negative charges, which leads to repellent electrostatic forces that drive decondensation of the nuclear chromatin (Yoshida, Kijima, Akita, & Beppu, 1990) . The ensuing structural transition of the chromatin was found to take place for submicro-molar concentrations of TSA (Johnstone, 2002) and resulted in reduced nuclear rigidity Krause, Te Riet, & Wolf, 2013) and altered migration times of invasive cancer cells through microchannels (Fu, Chin, Bourouina, Liu, & VanDongen, 2012; Taubenberger, 2016 ).
Using RT-DC, we observed substantial, yet inconsistent effects of . A half-maximal concentration (EC 50 ) for the effect of Cyto D on cell mechanics of 13.5 nM could be extracted, which compares to values reported in literature of 10 nM for F-actin depolymerization in purified actin solutions (Brown & Spudich, 1979 ), yet is in contrast to the 0.25 lM reported for the softening of adherent fibroblasts (Wakatsuki et al., 2000) . This discrepancy by a factor of 20 could be explained by the lack of F-actin stress fibers in suspended cells, such as HL-60 used in this study, which makes them more sensitive to F-actin depolymerization (Lautenschläger, 2011) .
Next, we subjected HL-60 cells to Jasplakinolide (Jaspla), a drug which is thought to stabilize F-actin (Holzinger, 2010) . Interestingly, RT-DC experiments showed a non-continuous rise of relative deformation associated with increasingly irregular cell shapes, which is in agreement with previous studies. Although the increasing cell deformation observed upon Jaspla treatment appears counterintuitive, cytoplasmic softening upon chemical F-actin stabilization has been previously reported in Xenopus laevis egg extract (Valentine et al., 2005) . In cells, however, contradictory observations of both F-actin disruption and filament stabilization by Jaspla are reported in the literature (Bubb, Senderowicz, Sausville, Duncan, & Korn, 1994; Murray et al., 1995; Schulze et al., 2010) . Particularly for 1 lM Jaspla, reference cell areas are small and exhibit pronounced nonspherical contours associated with decreased cell deformation inside the channel leading to an abrupt drop in relative deformation. Further elevation of Jaspla concentration continued the previous trend of increased relative deformation. Both cell stiffening and softening after Jaspla treatment are reported in the literature across a bandwidth of techniques and concentrations (Lautenschläger, 2011; Rotsch & Radmacher, 2000; Sheikh, Gratzer, Pinder, & Nash, 1997) . While our observations suggest that the contradictory results previously reported for Jaspla could possibly originate from a non-monotonic concentration dependency, experimental time-scales will also be relevant. RT-DC probes cell mechanical properties by assessing their steady-state elasticity over the course of milliseconds (Mietke et al., 2015) . Being a nonlinear viscoelastic material, cells will respond differently when a mechanical stress is applied over seconds or minutes.
Microtubule depolymerization by Nocodazole (Noco) and stabilization using Paclitaxel (Pac) resulted in significant, yet counterintuitive mechanical responses of the treated cell populations. For Noco, strongly decreased cell deformation was measured with RT-DC, which is in agreement with findings in literature of increased cell rigidity upon microtubule depolymerization (Tsai, Waugh, & Keng, 1998; Wu et al., 2000) . In our measurement, we pinpointed two proximate causes that account for the consistently observed decreasing RD values after Noco treatment in the dose-response assay. First, cells inside the channel deformed less with increasing drug concentrations while their sizes were not affected by the treatment. Second, also the initial irregular cell shapes that emerge in the reservoir after Noco application contributed considerably to the effect of decreasing RD as highlighted by Equation 2. Thus, we speculate that secondary mechanisms could be of importance, compensating the loss of integrity in the microtubule network. It was already shown that microtubule disruption can lead to Factin assembly which might act as a redundancy mechanism to the loss of microtubules (Tsai et al., 1998; Verin et al., 2001) . in HeLa cells (Mann, Toso, Thrower, & Wilson, 1993) . Pac is a drug used in chemotherapy (Marupudi et al., 2007) because it arrests the cell cycle in mitosis and thus hinders proliferation of rapidly dividing cells. In this context, a half-maximal Pac concentration of 7 nM for halting cell cycle progression in human MCF-7 (breast cancer) cells and concentrations between 2.5 and 7.5 nM for inducing apoptosis in several human tumor cell lines after 24 hr incubation were reported (Anderson et al., 1997; Liebmann et al., 1993) . Again, these much lower EC 50 values suggest that cell function might be more sensitive to alterations in the cytoskeleton than the mechanical phenotype of the cell.
Nuclear chromatin decondensation by deacetylase inhibitor TSA resulted in non-reproducible effects on cell deformation. This observation might originate from the strain levels employed in this study being on the order of 40%-50% and thus insufficient to probe the mechanical response of the nucleus. In contrast, the technique introduced Gossett et al. (2012) induces strains more than twice as large as observed in RT-DC and has shown sensitivity toward nuclear architecture. Consequently, putative secondary effects of the drug in the cytoplasm may have dominated the cell deformation we observed in RT-DC. It was shown earlier that the effect of the nuclear structure on the mechanical properties of cells can be masked by the general state of the cytoskeleton (Panagiotakopoulou, 2016) .
Our results highlight the dominant role of the F-actin cortex and microtubule network for the mechanical response of cells subjected to the hydrodynamic deformations on a millisecond timescale in RT-DC.
Our findings are in line with previously published work, studying the connection between cell mechanics and cytoskeletal composition (Ananthakrishnan et al., 2006; Tsai et al., 1998) . With the highthroughput and sensitivity of RT-DC to distinct alterations in the cytoskeleton, we go beyond the scope of previous research by establishing comprehensive titration studies of large cell populations. Further investigations relating distinct alterations in the mechanical fingerprint of individual cell types to disease and malignant cell states yield a high potential for RT-DC as a versatile tool for biological research and largescale medical drug screenings.
| MATERIALS A ND METHODS
| Real-time deformability cytometry
Real-time deformability cytometry (RT-DC) for high-throughput cell mechanical assays has been published previously (Otto et al., 2015) . . We used disposable chips to avoid cross-contamination.
| RT-DC measurement procedure
All experiments were carried out using cells from the human myeloid precursor cell line (HL-60, generous donation of Donald and Ada Olins) during log-phase 36 hr after splitting. Prior to an experiment, cells were extracted from cell culture medium (RPMI-1640 with 10% fetal calf serum (FCS), 1% penicillin/streptavidin, kept in a standard incubator at 37 8C and 5% CO 2 ) by centrifugation at 114 3 g for 5 min (Eppendorf 5805 R, Eppendorf) and resuspended in 0.5% w/v methyl cellulose Jasplakinolide was added to the cell culture medium and incubated for 30 min in a 37 8C water bath. Owing to its cytotoxicity, Jasplakinolide (Bubb et al., 1994) was extracted from the cell suspension after incubation by centrifugation for 5 min at 114 3 g and discarding the supernatant. Cells were resuspended in the standard MC-PBS buffer for measurement. As the effect of Jasplakinolide is reversible on timescales of hours (Cramer, 1999) , experimental times were limited to 15 min after incubation. The presented study was performed using 0.01, 
| Quantification of cell deformation
The mechanical fingerprint of large cell ensembles was obtained by RT-DC measurements at the rear end of the microfluidic channel at flow rates of 0.04, 0.08, and 0.12 lL Á s 21 (red region of interest in Figure 1a) . Using an analytical model by Mietke et al. (2015) , shear forces on the order of 0.5, 1, and 1.5 lN can be calculated for the flow rates above. For every condition, a reference measurement of the initial cell shapes of the population was performed in the reservoir region of the chip (blue region of interest in Figure 1a) . Images of cells inside the detection volume were acquired by a high-speed CMOS camera (MC1362, Mikrotron, Germany), transferred to a standard lab computer via full camera link interface (NI-1433 frame grabber, National Instruments, Germany) and analyzed in real time using a custom-written C11/LabView program (Otto et al., 2015) . For online data acquisition, the camera was typically run at 2,000 frames Á s 21 (fps), monitoring a region of interest (ROI) of 250 3 80 pixels. The analysis algorithm is capable of performing image acquisition, shape detection, analysis, and data storage for up to 1,000 cells Á s 21 in real time. The shape of each individual cell was quantified by a parameter c called circularity relating projected surface area A of a cell to its perimeter P:
The circularity is maximal for an ideal circular cell c 5 1 and smaller for any deformation (c < 1). For the sake of clarity we introduce the parameter deformation D 5 1 2 c that increases with the strain of the cells. A typical result of an RT-DC measurement is illustrated in Figure   1b and Supporting Information, Figure S2a with cell sizes plotted against cell deformation resulting in scatter plots for cell population measured at the rear end of the channel (red 50% density contour line) and in the reservoir region (blue 50% density contour line).
By definition of the deformation D, cell density distributions are skewed toward small values with the boundary 0 (projected histograms in Figure 1b and Supporting Information, Figure S2a ). Consequently, a log-normal function was used to fit the data and to extract the mode deformation value D of the distribution that indicates the maximum of the probability-density function. For dose-response assays, we first condition. By definition of RD, each data point in one of our doseresponse titration curves is the weighted result of at least 24,000 single-cell events.
| Statistical data analysis
Assessment of the significance of the effects observed in our doseresponse assays was challenging due to the skewed nature of the obtained deformation distributions (Figure 1b and Supporting Information, Figure S2a,b) . This impeded the application of a standard t-test on RT-DC data, as it requires normally distributed sets of random variables. On the other hand, by limiting data processing to mode values only as described above, information about the heterogeneity and spread of the distribution, which might incorporate important biological features, would have been lost.
To overcome this, we utilized a resampling approach known as bootstrapping to approximate the sampling distribution of RD values from our original data sets. This sampling distribution meets the requirement of a paired t-test of the random variable being distributed normally, having similar variances and sample sizes among various data sets. Moreover, the spread and shape of the sampling distribution can directly be linked to the heterogeneity and skew of the measured population (Hesterberg, Moore, Monaghan, Clipson, & Epstein, 2004; Maloney & Van Vliet, 2014; Xavier et al., 2016) .
Deformation values of each cell population were resampled 1,000 times with replacement resulting in 1,000 distributions of deformation values, each of equal size and fairly similar, but slightly different to the initial data set. The idea behind this is that every measured sample is an estimate of the underlying population the sample was drawn from.
The quality of this estimate of course scales with the size of the measured sample.
Differences among several samples drawn from the very same population should occur due to random sampling only. Consequently resampling with replacement from a sufficiently large set of experimental data is a very time effective way of generating numerous estimates of the underlying population distribution without having to repeat the same experiment 1,000 times (which even with RT-DC would be a tedious endeavor).
From each resampled deformation distribution, the mode value was extracted as described above, resulting in 1,000 mode values for each experimental condition. By the central limit theorem, these mode values are normally distributed and peak around the respective population mode value l (Supporting Information, Figure S2c ). Finally, we calculated relative deformation (RD) values from the obtained mode values for each resampling iteration, giving rise to a normal RD-distribution (Supporting Information, Figure S2d ). This distribution could now be tested against the null hypothesis H 0 that a similar experiment would have reproduced the effect we observed due to random sampling only. The possibility b of H 0 being true is given by the number of events lying on the opposite side of the control value than the observed effect, divided by the total number of events. As these events would not trigger the rejection of H 0 , their fraction of the total distribution determines the significance of the observed effect. If the fraction b is below a set confidence threshold a, H 0 is rejected stating the significance of the observed effect. p values are calculated accordingly, representing (*) a p 0.05, (**) a p 0.01, and (***) a p 0.001 chance of falsely rejecting the null hypothesis. 
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